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Abstract
Degradation of a Basic Blue 41 dye using Fenton reagent was examined at laboratory scale in batch experiments using 
Box–Behnken statistical experiment design. Dyestuff, hydrogen peroxide  (H2O2) and ferrous ion  (Fe2+) concentrations were 
selected as independent factors. On the other hand, color and chemical oxygen demand (COD) removal were considered as 
the response functions. The value of coefficient of determination (R2) for both color and chemical oxygen demand removal 
with values 0.98 and 0.99 shows the best agreement between predicted value and experimental values. Perturbation plots 
indicated that iron dosage has the most effect on both color and COD removal. Normalized plot of residuals also indicated 
that the models were adequate to predict for both responses. Color and COD removal increased with increasing  H2O2 and 
 Fe2+ concentrations up to a certain level. High concentrations of  H2O2 and  Fe2+ did not result in better removal of color 
and COD due to hydroxyl radical being gradually consumed by both oxidant and catalyst. Percent color removal was higher 
than COD removal indicating the production of colorless compounds. The second-order polynomial model revealed optimal 
process factor ratio. The ratio of  H2O2/Fe2+/dyestuff which gives a complete color removal and 95% COD removal was found 
to be 1195 mg/L/90 mg/L/255 mg/L.
Keywords Box–Behnken design · Basic Blue 41 dye · Fenton oxidation · Color removal · Chemical oxygen demand 
removal
Introduction
The rapid growth of textile industries is increasing the dis-
charge of considerable amounts of dye-containing wastewa-
ter into the environment [1]. Dye molecules have two basic 
constituents: chromophores, which determine the color 
and the auxochromes which are responsible for increasing 
the affinity to be attracted towards the fiber and cause the 
molecule to be less soluble in water [1]. The most essential 
chromophores are azo (–N=N–), carbonyl (–C=O), methine 
(–CH=), nitro (–NO2) and quinoid groups. The most signifi-
cant auxochromes are amine (–NH2), carboxyl (–COOH), 
sulfonate  (SO3H) and hydroxyl (–OH) [2]. Dyes can be cat-
egorized in many ways. This can either be based on their 
common parent chemical structure [3] or according to their 
method of application as is common in the textile industry. 
It is estimated that  109 kg of dyes are approximately pro-
duced every year in the world. Azo dyes represent about 
70% of this amount [2]. The dyes under this category have 
the affinity to form covalent bonds with reactive groups of 
fibers (cotton, wool, silk, nylon). Azo dyes are commonly 
used for yellow, orange and red colors [2]. To achieve the 
target color, usually a mixture of red, yellow and blue dyes is 
inserted into the dye baths. These three dyes have a distinct 
chemical structure which usually contains various chromo-
phores [2, 4]. Following azo dyes, anthraquinone dyes are 
the second most essential types of textile dyes [5]. Anth-
raquinone dyes have a broad range of colors in just about the 
whole visible spectrum; however, they are normally used for 
violet, blue and green colors [6].
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By considering the detrimental effects of dyes on the 
environment, adequate and effective textile wastewater treat-
ment technologies should be investigated [7]. For example, 
metabolites of amine can be formed by reductive cleavage 
of azo bonds, which are classified as toxic and carcinogenic 
[8]. Dye-containing wastewater can be treated by physical, 
chemical and biological technologies. Among these technol-
ogies, typically only biological treatment is widely used [9, 
10]. However, biological treatment is often ineffective due 
to the recalcitrant and toxic organic matter present in such 
wastewater [11]. Physical and chemical treatment techniques 
are efficient for color removal but both require additional 
sludge treatment or disposal. As a result, due to the stringent 
international regulations, the textile industry should look 
into efficient technology to solve environmental problems 
associated with such wastewaters.
In this context, advanced oxidation processes (AOPs) 
are a good candidate technology due to the production of 
hydroxyl radical (·OH, E° = 2.8 V vs. NHE), and able to 
entirely mineralize recalcitrant compounds to  CO2 and  H2O 
[12]. AOPs using Fenton reagent (Fenton oxidation) are very 
efficient for textile wastewaters [1]. Chain reactions involved 
in Fenton oxidation process are shown below in Eqs. (1) and 
(2) [13]:
Fenton’s reagent is commonly used because it is rela-
tively cheap, no special skills are required for operation, 
the maintenance is relatively easy and there is no need for 
special equipment [14, 15]. On the other hand, some of the 
limitations of the method are the higher operational cost due 
to the use of chemical reagents and formation of a sludge 
containing large quantities of ferric ions [16, 17]. Therefore, 
optimization of the process parameters is a key issue during 
treatment of dye aqueous solution with Fenton oxidation to 
reduce the amount of sludge formed with the use of excess 
chemicals.
Whenever multiple responses and variables are con-
sidered in the case of studying of effect of variables, the 
conventional method of changing one variable at a time 
approach would not be suitable to properly observe the 
effects of process factors. In this regard, the statistical 
design of experiments is appropriate to conduct the experi-
ments in an orderly manner, to properly study interactions 
among process factors and also to precisely optimize pro-
cess variables based on the factors and levels selected. 
Consequently, experimental design with response surface 
methodology (RSM) helps to examine the interaction 
between independent and dependent variables together 
with optimization of process parameters [18]. In this 
(1)
Fe
2+ + H2O2 → Fe
3+ + HO− + HO. (Chain initiation)
(2)OH. + Fe2+ → Fe3+ + HO− (Chain termination).
regard, RSM can restrict the number of experiments for 
recognition of optimal conditions for a targeted response 
and can be also used effectively in the optimization pro-
cess [19]. In addition, RSM usually comprises the fol-
lowing basic steps: (1) choice of independent variables 
and their ranges, (2) the choice of experimental design, 
(3) estimation of mathematical coefficients using linear 
regression analysis technique, and (4) evaluation of model 
adequacy followed by finding of optimal conditions [20]. 
Furthermore, there are different types of RSM designs, 
namely three-level factorial design, central composite 
design (CCD), Box–Behnken design (BBD) and D-optimal 
design [21].
Furthermore, among the different kinds of RSM experi-
mental designs, BBD is an independent, rotatable quad-
ratic design with no embedded factorial points where the 
variables combinations are at the midpoints of the edge of 
the variables space and at the center. In addition, during 
the selection of appropriate experimental design, the ratio 
of number of experiments to number of coefficients in the 
quadratic model should be reasonable. In this regard, when 
this ratio is in the range of 1.5–2.6, it shows that the experi-
mental design under consideration is reasonable. Accord-
ingly, this ratio for BBD with three factors is commonly 
1.6. In addition, in the comparison of different RSM design 
approaches, BBD and Doehlert matrix are slightly more 
efficient than CCD and more efficient than three-level full 
factorial design [21]. Furthermore, BBD is usually very effi-
cient and economically interesting due to the fewer number 
of experiments and also allows calculation of the response 
functions at intermediate levels and enables estimation of 
the system performance at any experimental point within 
the range studied [21]. In this context, BBD is a widely 
used, easy and effective design tool [22]. Hence, it is widely 
applied for optimization of wastewater treatment with Fen-
ton oxidation [19].
Most previous studies in the process of degradation of 
dye aqueous solution regarding optimization were addressed 
using one factor at a time approach and few studies also 
addressed optimization with BBD for both the process fac-
tors and responses [21, 23]. However, most did not properly 
evaluate the adequacy of models to predict the degrada-
tion process for the responses. Therefore, in this study we 
addressed optimization with BBD along with the evaluation 
of the models adequacy for the responses. Consequently, the 
main objective of this study was to investigate the details 
about optimization and evaluation of model adequacy dur-
ing degradation of dye aqueous solution with the process of 
Fenton oxidation. Besides, based on the BBD experimental 
designs, the optimum doses were determined and compared 
with previous researches. For this purpose, two regression 
models were developed with the experimental data, i.e., for 
color removal and COD removal.
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Materials and methods
Chemicals
Monoazo dye Basic Blue 41 was purchased from Bezema 
Dyes and Chemicals NBE Plc, Switzerland. It was used in 
the experimental studies since it is widely used for dyeing 
purpose at KK acrylic fiber processing textile industry in 
Addis Ababa, Ethiopia. Characteristics of Basic Blue 41 are 
presented in Table 1. An accurately weighted quantity of the 
dye (Basic Blue 41) was dissolved in distilled water to pre-
pare a stock solution (1000 mg/L). Experimental solutions 
of the desired concentration were obtained by successive 
dilutions.
All chemicals used in the study were of highest commer-
cially available grade. Hydrogen peroxide of analytical grade 
[30%(w/v)] and  FeSO4·7H2O were purchased from HIME-
DIA Laboratories Pvt. Ltd., India. The pH adjustment was 
done using reagent-grade sulfuric acid and sodium hydrox-
ide solutions. All the required solutions were prepared in 
distilled water.
Fenton oxidation
Batch experiments of Fenton oxidation were carried out 
in glass beakers having 2 L of operating capacity at room 
temperature (20–22 °C). Initially, the pH of the sample was 
adjusted to 3.0 using 0.5 M  H2SO4. Consequently, a cata-
lyst  FeSO4·7H2O was added and the reaction proceeded 
with further addition of  H2O2 for the formation of hydroxyl 
radicals. During reaction, the sample solution was continu-
ously stirred using a magnetic stirrer at 150 rpm for 60 min. 
After 60 min, residual hydrogen peroxide was eliminated by 
addition of sodium sulfite. Consequently, pH of the solution 
increased above 7 with sodium hydroxide. Subsequently, 
settling of samples was carried out in Imhoff cone for 2 h. 
Finally, the supernatant was analyzed.
Analytical procedures
The color of the samples was analyzed by measuring the 
absorbance of supernatant sample at a wavelength corre-
sponding to the maximum absorbance, i.e., 617 nm in Spec-
tro UV–Vis UVD-3200 (USA). The COD concentration of 
the samples was measured using a COD digester-Hl 839800 
(Hungary) following standard methods [25]. The pH of the 
sample was determined using pH-meter Hanna Hl 11310 
(Rumania).
Experimental design, analysis and statistical 
validation
Response surface methodology (RSM) was used for the 
optimization of experiments. In this research, BBD is used 
and RSM was employed for optimization of COD and color 
removal efficiencies. Here, a  23 factorial design was used 
to identify the influence of three parameters including dye 
dose (A),  H2O2 (B) and  Fe2+ (C) concentrations. In addition, 
these factors were chosen based on literature and prelimi-
nary experiments. In this sense, the ranges of A, B and C 
were selected based on Table 2. Besides, a total of 17 experi-
ments were conducted with 5 replicates at the central point 
and the designation of these values was according to [26]. 
Moreover, a second-order regression model was employed 
for analysis and it proved to be a good estimation of response 
surface [27] and is expressed as shown in Eq. (3):
where y is the response; xi and xj are the input variables; 훽0 
is the intercept constant; 훽i is the first-order regression coef-
ficient; 훽ii is the second-order regression coefficient repre-
senting quadratic effect of factor i; and 훽ij is the coefficient 
of interaction between two factors i and j [27]. The analysis 
of variance (ANOVA) result was obtained using statistical 
software package Design-Expert® version 7.0.0 (Stat-Ease, 
Inc.) to study the results and to determine the implication of 
the fitted quadratic model. The fitted model was illustrated 
in the form of 3D plots to know the interaction between the 
variables and responses. Moreover, the quality of model was 
checked using several coefficients. In this context, values 
of probability are useful to check whether the model terms 
are significant or not significant. Accordingly, as these val-
ues are < 0.05, it usually shows that the model terms are 
(3)Y = 훽0
k∑
i=1
훽iXi +
k∑
i=1
훽iiX
2
i
+
k=1∑
i=1
k∑
j=i+1
훽ijXiXj,
Table 1  General characteristics of Basic Blue 41 [24]
Color index number CI.11105
Chemical classification Monoazo
Molecular weight 482.57 g/mol
λmax (nm) 617
Molecular formula C20H26N4O6S2
Table 2  Coded levels and independent variables used in BBD
Factors Coded Levels
Low Medium High
− 1 0 + 1
Dye stuff dose (mg/L) 15 135 255
Hydrogen peroxide  (H2O2) dose (mg/L) 105 1055 2005
Ferrous ion  (Fe2+) dose (mg/L) 0 60 120
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significant and values > 0.1000 indicate that model terms 
are not significant [19].
Moreover, the role of each factor and their interactions 
can also be described by Fisher test (F value). Accord-
ingly, as the values of F increases while the value of ‘p > F’ 
decreases, this value usually indicates a more considerable 
equivalent model and individual coefficients [28]. Moreo-
ver, as the values of F for responses are much larger than 
the critical F value of 2.42, it indicates that both models 
were extremely significant and adequate [19]. In addition, 
the whole performance of a model can be explained by coef-
ficient of determination (R2) [20]. Accordingly, whenever 
the values of R2 are nearer to 1.0, it shows that the model 
properly represents the actual experimental conditions [29].
However, R2 value only cannot necessarily show the ade-
quacy of the model because the values of R2 increase with 
the increase in the number of process factors considered. 
Therefore, the value of R2 should be related and compared 
with adjusted R2, because the values of adjusted R2 appro-
priately consider the number of process factors involved in 
the system. Thus, to get better adequacy of model, the differ-
ences in values between R2 and adjusted R2 should be small 
along with relatively higher values of adjusted R2 [29]. In 
addition, adequate precision is another statistical tool which 
describes the ratio of predicted values to the average values 
of prediction error (a signal-to-noise ratio). In this respect, as 
the values of adequate precision are > 4, it usually indicates 
that the models are desirable [30]. Besides, the coefficient 
of variation (CV) is another statistical tool which shows the 
ratio of standard deviation to the mean value of observed 
response and describes the repeatability and reproducibility 
of the models generated. In this context, as the values of 
CV are < 10%, it indicates high accuracy and reliability of 
experiments [19].
Results and discussion
Regression model and statistical testing
The experimental along with predicted values for both per-
cent color and COD removal is indicated in Table 3. In addi-
tion, optimal values for decolorization and COD removal 
were determined by a second-order polynomial as expressed 
by Eqs. (4) and (5):
where R1 and R2 stand for color and COD removal, respec-
tively. Accordingly, In Eqs. (4) and (5), the positive effect 
of a factor implies the response is improved when the factor 
level increases and a negative effect of the factor means that 
the response is not improved when the factor level increases.
Therefore, in the case of color removal, it can be seen 
that C, AC and C2 were significant terms, while for COD 
removal, it was obtained that A, B, C, AB, AC, A2, B2 and C2 
were proved to be significant. Furthermore, Table 4 clearly 
(4)
R1 = 96.88 − 4.70A − 0.56B + 33.89C + 3.07AB
+ 13.32AC − 2.35BC − 2.07A2 − 4.44B2 − 32.83C2
(5)
R2 = 88.43 + 11.32A − 3.05B + 29.14C + 6.77AB
+ 16.61AC − 19.25A2 − 12.96B2 − 34.37C2,
Table 3  Box–Behnken design 
matrix along with experimental 
and predicted values
Run A (mg/L) 
dye doses
B (mg/L)  H2O2 C (mg/L)  Fe2+ R1: color removal (%) R2: COD removal (%)
Experimental Predicted Experimental Predicted
1 − 1 − 1 0 96.9 98.71 56.2 54.72
2 0 0 0 96.8 96.88 84.7 88.43
3 0 − 1 1 97.3 96.41 72.8 73.51
4 0 1 − 1 26.6 27.51 9.8 9.13
5 0 − 1 − 1 18.1 23.93 14.0 14.78
6 − 1 0 1 88.1 87.25 35.2 36.02
7 − 1 1 0 84.8 91.44 35.1 35.09
8 0 0 0 97.2 96.88 91.7 68.43
9 0 0 0 96.8 96.88 89.3 88.43
10 1 0 − 1 9.2 10.07 1.1 0.37
11 − 1 0 − 1 53.6 49.10 10.3 10.96
12 0 1 1 96.4 90.59 67.8 66.96
13 0 0 0 96.8 96.88 87.6 88.43
14 1 0 1 96.9 104.79 92.5 91.88
15 1 1 0 90.0 88.19 69.7 71.26
16 0 0 0 96.8 96.88 88.8 88.43
17 1 − 1 0 89.8 83.16 63.8 63.82
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showed that the corresponding F values for color and COD 
removal efficiencies were 41.57 and 371.39 along with very 
low probability value (p value < 0.0001). Therefore, the F 
values for both color and COD removal indicate that both 
models were reasonably significant and adequate.
Besides, R2 values for color and COD removal were 
0.9816 and 0.9979, respectively, which indicated that the 
predicted values entirely fit with the experimental ones. 
Furthermore, the values of predicted R2 for color and COD 
and removal were 0.7062 and 0.9893, respectively, while 
their corresponding values of adjusted R2 were 0.9580 and 
0.9952. In addition, the difference between predicted and 
adjusted R2 was less for both models. Therefore, both val-
ues of predicted and adjusted R2 showed the models were 
adequate. Moreover, Fig. 1 suggests that the predicted values 
match well with the experimental values of COD and color 
removal and confirmed the result obtained from both pre-
dicted and adjusted R2. Furthermore, the values of adequate 
precision for color removal and for COD removal were 19.5 
and 52.7, respectively. Therefore, this result indicated that 
the model can be used to navigate the design space. Moreo-
ver, low values of C.V., i.e., 8.06 and 3.96 for color and COD 
removal, respectively, indicated that the experiments were 
accurate and reliable.
Evaluation of the model adequacy for responses 
during degradation of dye aqueous solution
Moreover, the difference between observed and predicted 
responses is usually used to evaluate the adequacy of the 
models. In addition, residuals should have normal distri-
bution [23]. Furthermore, the consistency of the predic-
tion of the model can be evaluated by normal probability 
plot [20]. In this context, if these plots are scattered under 
usual condition along with keeping linearity with some 
reasonable irregularities of points, this indicates appropri-
ate fitting of the model [31]. Besides, whether the model 
is properly fitted or not can be determined based on the 
pattern in which the points distributed above or under the 
Table 4  Regression coefficients and model performance indicators 
for RSM modeling of color removal and COD reduction when treat-
ing Basic Blue 41 dye with Fenton oxidation
Source Color removal COD reduction
F p > F F p > F
Model 41.57 < 0.0001 371.39 < 0.0001
A 4.44 0.0732 200.28 < 0.0001
B 0.064 0.8083 14.51 0.0066
C 230058 < 0.0001 1327.64 < 0.0001
AB 0.95 0.3624 35.81 0.0006
AC 17.80 0.0039 215.76 < 0.0001
BC 0.55 0.4808 0.040 0.8480
A2 0.45 0.5231 304.82 < 0.0001
B2 2.08 0.1926 138.19 < 0.0001
C2 113.90 < 0.0001 972.35 < 0.0001
St.dev. – – – –
C.V. (%) – – – –
R2 – – – –
Adjusted R2 – – – –
Predicted R2 – 0.9816 – 0.9979
Adeq. precision – 0.9580 – 0.9952
Model – 0.7062 – 0.9893
Fig. 1  Predicted versus actual plot for a color removal, b COD removal
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line in this plot. Accordingly, if these points in the plot 
keep their linearity and are distributed along 45° with the 
straight line, then the model can be considered as properly 
fitted [32]. Consequently, in this study an evaluation was 
made for both responses using normalized plot of residu-
als. Hence, Fig. 2 illustrates about the adequacy of the 
model to predict degradation of Basic Blue dye aqueous 
solution with Fenton oxidation for both responses.
Color removal
Figure 3 shows the interaction between  H2O2 and dyestuff 
concentrations during Fenton reaction on percent color 
removal with a constant  Fe2+ concentration of 60 mg/L. 
Accordingly, for a dyestuff concentration which is less 
than 165 mg/L, the addition of  H2O2 concentration above 
1530 mg/L was not able to increase the efficiency of color 
removal. In addition, the possible reason for such a result 
trend could be due to the consumption of the hydroxyl radi-
cal formed during the process by  H2O2. Furthermore, such 
Fig. 2  Normal probability plot of residual of linear model for a color removal, b COD removal
Fig. 3  3D plot for the effect of 
hydrogen peroxide and dye dose 
on color removal
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a phenomenon was also reported by previous researchers. 
Consequently, the color removal of organic compounds 
increased up to the addition of fixed amount of  H2O2 and 
then decreased with further addition of  H2O2 [33, 34]. 
Furthermore, undesirable color removal effects were also 
observed when concentration of  H2O2 was increased [35, 
36]. Therefore, the possible reason for such a phenomenon 
was also addressed by previous researchers. In addition, the 
decrease in color removal with further increase of  H2O2 con-
centrations was due to the scavenging effect of  HO· by  H2O2 
and consequent formation of the less reactive radical  HO2·.
Furthermore, the ratio of optimal doses of process fac-
tors for complete color removal with the least level of dye 
dose of 15 mg/L was found to be 105/62/15 mg/L for  H2O2/
Fe2+/dyestuff, respectively. On the other hand, the ratio of 
optimal doses of process factors for complete color removal 
with the highest level of dye dose of 255 mg/L was found to 
be 408/82/255 mg/L for  H2O2/Fe2+/dyestuff, respectively. 
Therefore, this result revealed that complete color removal 
at the highest level of dye stuff dose require a greater amount 
of  H2O2 and  Fe2+ doses than dye dose of the least level.
Figure 4 shows the interaction between  Fe2+ and dye-
stuff concentrations during Fenton reaction for percent color 
removal efficiencies with a constant  H2O2 concentration of 
1055 mg/L and using various ranges of  Fe2+ concentrations. 
Consequently, color removal was uniformly increased dur-
ing Fenton reaction using a constant concentration of  H2O2 
of 1055 mg/and with the variation of  Fe2+ concentrations 
between 70 and 90 mg/L. However, further addition of  Fe2+ 
above 90 mg/L was not the result for the increase of percent 
color removal. Therefore, an optimal amount of  Fe2+ con-
centration which was required for the highest color removal 
for a dye stuff dose below 105 mg/L was found to be 64 mg. 
On the other hand, the optimal dose of  Fe2+ concentration 
which was required for the highest color removal for a dye 
stuff greater than 105 mg/L was found to be 70 mg/L. Hence, 
this trend of this result showed that the concentration of  Fe2+ 
beyond 70 mg/L was not able to improve the efficiency of 
color removal.
Chemical oxygen demand (COD) removal of dye 
stuff
The pattern of COD removal with various  H2O2 doses at 
different dyestuff concentrations (15–255 mg/L) using a con-
stant  Fe2+ concentration of 60 mg/L is illustrated in Fig. 5. 
Accordingly, there was an increase in COD removal using a 
maximum of  H2O2 concentration of 1055 mg/L. However, 
further addition of  H2O2 concentration above 1055 mg/L 
was not able to improve percent COD removal. Furthermore, 
previous researches also showed a similar pattern of results. 
Accordingly, degradation of organic compounds increased 
with the increase of concentration of  H2O2 up to the defi-
nite amount of  H2O2 used then gradually decreased with the 
addition of extra amount of  H2O2 [37].
During responses measurement at a laboratory, various 
intermediate compounds were formed at various stages of 
the Fenton reaction. In addition, the formation of colorless 
substances did not necessarily show the entire removal of 
COD. Accordingly, colorless chemical species are usually 
formed faster than the degradation of dyestuffs. Conse-
quently, the colorless compounds which were formed before 
the completion of reaction might be more toxic than the par-
ent compounds [21]. Therefore, it is important to recognize 
the extent of COD removal during decolorization of dyes by 
the Fenton reaction.
The decrease in COD removal for dyestuff concentrations 
above 135 mg/L can be caused by a lack of required amount 
of  H2O2 and  Fe2+ to effectively degrade the highest level 
of this dye stuff. In this context, the ratio of process factors 
Fig. 4  3D plots for the effect 
of iron and dye dose on color 
removal
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for the purpose of 91% COD removal at a dye stuff dose of 
135 mg/L was obtained to be 1055/66/135 mg/L for  H2O2/
Fe2+/dye stuff, respectively. Previous research also reported 
that in the case of treatment with the highest level dye stuff 
concentration for complete COD removal, high doses of 
 H2O2 and  Fe2+ should be used [38]. From the above results 
it is possible to conclude that the initial dyestuff concentra-
tion was one of the most key parameters affecting the COD 
removal by Fenton treatment.
Figure 6 shows the interaction between  Fe2+ and dye-
stuff doses during Fenton reaction for percent COD removal 
with a constant  H2O2 concentration of 1055 mg/L. Accord-
ingly, the degradation of dye stuff steadily increased until the 
concentration of  Fe2+ reached 90 mg/L. However, further 
increase of  Fe2+ greater than 90  mg/L was not able to 
improve the percent COD removal. Thus, the reason for the 
decrease in percent COD removal with further increase of 
 Fe2+ was due to the excess OH· formed during the reaction 
which was gradually consumed by  Fe2+ instead of the COD 
removal of dyes. Moreover, a previous study also reported a 
similar phenomenon. Accordingly, Arslan-alaton et al. [39] 
reported that when the concentration of iron increases, the 
phenomenon of self-scavenging effect takes place faster than 
the formation of hydroxyl radical leading to the decrease in 
COD removal rate of pollutants.
The highest COD removal (60%) using the lowest level 
dyestuff dose of 15 mg/L was achieved using optimal fac-
tor ratio of 692/71/15 mg/L for the process factors  (H2O2/
Fig. 5  3D plot for the effect of 
hydrogen peroxide and dye dose 
on COD removal
Fig. 6  3D plot for the effect 
of ferrous ion and dye dose on 
COD removal
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Fe2+/dyestuff), respectively. On the other hand, the high-
est COD removal (91%) with the highest level dye dose of 
255 mg/L was obtained using the optimal process factor 
ratio of 1151/75/255 mg/L for process factors  (H2O2/Fe2+/
dyestuff), respectively. Therefore, the maximum efficiency 
of COD removal using both the highest and least level of dye 
stuff concentrations showed that the requirement of  H2O2 
and  Fe2+ dose increased proportionally with the increase in 
the dye stuff dose.
Furthermore, a comparison regarding the requirement 
in the dose of Fenton reagents for both color and COD 
removal with the highest level of dye dose was analyzed. 
Accordingly, for the highest level of dyestuff concentration 
255 mg/L, only 130 mg/L  H2O2 dose was required for com-
plete decolorization. Likewise, for the highest level dyestuff 
concentration of 255 mg/L, complete COD removal required 
1202 mg/L  H2O2 dose. On the contrary, for the highest level 
of a dyestuff concentration 255 mg/L, the requirement of 
 Fe2+ was 90 mg/L for both color and COD removal. There-
fore, this result indicated that for the highest level of a 
dyestuff concentration of 255 mg/L, the removal of COD 
required a considerable amount of  H2O2 than the removal 
of color. However, the requirement of  Fe2+ doses for the 
highest level of a dyestuff concentration was found to be the 
same for both color and COD removal.
Perturbation plots
Figure 7 is demonstrating the comparison among process 
factors to the extent of influencing the responses. Accord-
ingly, A represents dye dose, B represents hydrogen peroxide 
dose and C represents ferrous ion dose. Furthermore, it can 
be clearly seen from the graph that factor C was shown as 
the steepest slope as compared to factors A and B which 
were shown as relatively flat slopes for both color and COD 
removal.
In this sense, factor A which has a steeper slope shows 
that the responses were more sensitive to this factor as com-
pared to the other two factors (B and C). Hence, COD and 
color removal efficiencies were highly influenced by ferrous 
ion dose as compared to hydrogen peroxide dose and dye 
dose.
Optimization of Fenton‑treated simulated aqueous 
dye solution for color and COD removal
Design-Expert® version 7.0.0 (Stat-Ease, Inc.) software was 
used for optimization. Besides, the purpose of optimization 
was to maximize both color and COD removal efficien-
cies. In this regard, reasonable process factors criteria were 
selected. Accordingly, to minimize operating costs of Fenton 
reagents,  Fe2+ was varied between 0 and 120 mg/L and  H2O2 
was also varied between 105 and 2005 mg/L. In addition, 
dye dose was chosen by assuming a maximum dye concen-
tration of 255 mg/L. Finally, optimum working conditions 
and percent removal efficiencies were obtained. Therefore, 
the optimum values obtained based on the selected crite-
ria were dye dose 255 mg/L,  H2O2 1195 mg/L and  Fe2+ 
90 mg/L with color and COD removal of 100% and 95%, 
respectively. The optimum result was also checked by con-
ducting an extra experiment at the optimal conditions. It was 
obtained that the values measured were in close relationship 
with the model values, i.e., color removal was 99.7% and 
Fig. 7  Perturbation plot for a color removal, b COD removal
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COD removal was 94.5% with a deviation from their mean 
with a value of 0.15% and 0.08%, respectively.
Conclusion
In this study Basic Blue 41 dye aqueous solution was 
treated using Fenton reagent and optimization of the pro-
cess parameters was performed. BBD was used to conduct 
the experiments and also in the process of optimization of 
both responses and process factors. In addition, dosage of 
iron was the most significant parameter as compared to dye 
dose and hydrogen peroxide dose for both color and chemi-
cal oxygen demand removal. 3D plots clearly illustrate the 
interaction among process parameters. The adequacy of the 
models for both responses was clearly indicated by normal-
ized plot of residuals. Based on the model prediction, the 
optimal values for  H2O2/Fe2+/dyestuff ratio resulting in 
100% color removal and 95% COD removal were found to 
be 1195 mg/L/90 mg/L/255 mg/L. According to this study, 
it is possible to conclude that the use of advanced oxida-
tion process based on optimum dose of Fenton reagent is 
effective for the removal of dye-containing wastewater and 
can be applied for the treatment of industrial wastewater 
containing dyes.
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